We present the results of an ultra-deep, comprehensive radio continuum survey for the accretion signatures of intermediate-mass black holes in globular clusters. The sample, imaged with the Karl G. Jansky Very Large Array and the Australia Telescope Compact Array, comprises 50 Galactic globular clusters. No compelling evidence for an intermediate-mass black hole is found in any cluster in our sample. In order to achieve the highest sensitivity to low-level emission, we also present the results of an overall stack of our sample, as well as various subsamples, also finding non-detections. These results strengthen the idea that intermediate-mass black holes with masses 1000M are rare or absent in globular clusters.
INTRODUCTION
Intermediate-mass black holes (IMBHs) have been proposed as a population of black holes with masses between those of supermassive black holes that reside at the centers of galaxies (typically 10 6 M ) and the stellar-mass black holes created through the deaths of massive stars ( 100M ). IMBHs (10 2 − 10 5 M ; e.g., Noyola & Gebhardt 2006; Feng & Soria 2011 ) draw ongoing interest as promising seeds for the growth of supermassive black holes (Volonteri & Perna 2005) . Many possible origins for IMBHs have been suggested, including the collapse of metal-free Population III stars (Madau & Rees 2001) or direct collapse from gas in low-mass halos (Loeb & Rasio 1994; Eisenstein & Loeb 1995; Bromm & Loeb 2003; Lodato & Natarajan 2006) . Massive young star clusters have also been suggested as important IMBH formation sites, perhaps via runaway stellar mergers (Portegies Zwart & McMillan 2002; Gürkan et al. 2004; Portegies Zwart et al. 2004; Vanbeveren et al. 2009 ). Vesperini et al. (2010) has suggested that a central BH can grow through accretion of gas lost in these star clusters. Another potential channel for forming IMBHs is via sequential mergers of stellarmass BHs in globular clusters (GCs; Miller & Hamilton 2002) . These possibilities make GCs primary targets for the search for IMBHs.
Efforts to investigate the presence of IMBHs in GCs, and subsequently constrain their masses, utilize two main approaches: dynamical or accretion signatures. Stars residing near the cluster center, inside the putative sphere of influence of any IMBH, have been studied using kinematic measurements such as radial velocities and proper motions (Newell et al. 1976; Gebhardt et al. 2005; McLaughlin et al. 2006; Noyola 2010; Kamann et al. 2014) . Compared to dynamical measurements of supermassive black holes in galaxy centers, these IMBH studies are much more challenging owing to the relatively low black hole masses: there are few stars within the IMBH sphere of influence, and, especially for low-mass IMBHs, the signature of a central point mass can be confused with a concentrated population of stellar remnants (den Brok et al. 2014) . A more recent approach is to constrain the potential using precise timing of one or more radio pulsars (Perera et al. 2017; Kızıltan et al. 2017; Freire et al. 2017) . Overall, despite claims of dynamical evidence for IMBHs in many individual Galactic GCs (e.g., Ibata et al. 2009; Noyola 2010; Lützgendorf et al. 2011; Feldmeier et al. 2013; , there is no consensus about the presence of an IMBH in any particular object.
An alternative approach, again drawing a parallel to studies of supermassive black holes, is to search for accretion evidence for IMBHs. The source HLX-1, located in the halo of galaxy ESO 243-49 at distance of 95 Mpc, offers the best current such case. X-ray, optical, and radio data suggest the likely presence of a ∼ 10 4 -10 5 M IMBH accreting at close to the Eddington rate (Webb et al. 2012) , possibly located at the center of a tidally stripped young nuclear star cluster (Farrell et al. 2014; Musaeva et al. 2015; Webb et al. 2017; Soria et al. 2017) .
By contrast, any so-far undiscovered IMBHs in Galactic clusters would necessarily be in quiescence, accreting at an extremely low rate, akin to Sgr A * . They would therefore be best observed as radio continuum sources due to synchrotron emission from relativistic jets (Maccarone 2004; Maccarone et al. 2005; Maccarone & Servillat 2008) , though in a few nearby clusters with very deep X-ray data, these observations can offer comparable or better constraints on accretion than radio data (e.g., Haggard et al. 2013 ).
The radio methodology has been applied to deep radio imaging of the Galactic GCs M15, M19, and M22 by Strader et al. (2012) to set 3σ upper limits of < 1000M on the masses of IMBHs in these clusters, and extended by Wrobel et al. (2015 Wrobel et al. ( , 2016 to extragalactic GCs in M81 and NGC 1023 (where non-detections were also found, at higher mass limits than for Galactic clusters) using a stacking analysis.
In this paper, we use deep radio observations from the Karl G. Jansky Very Large Array (VLA) and the Australia Telescope Compact Array (ATCA) to search for accretion signatures of IMBHs in 50 Galactic GCs, using data obtained as part of the MAVERIC (Milkyway ATCA and VLA Exploration of Radio-sources in Clusters) survey. Our paper is organized as follows: in Section 2, we present the sample of GCs and the radio observations. Section 3 describes our methodology for determining IMBH mass constraints. In Section 4, we present the results for each cluster and the stack of all 50 Milky Way GCs. In Section 5 we discuss and analyze these results. An Appendix considers in detail the radio data for NGC 6624, which has a number of bright known radio sources near its center and a recent IMBH claim (Perera et al. 2017 ).
RADIO DATA AND REDUCTION

Target selection
The MAVERIC sample was chosen primarily by distance and mass, and was intended to be complete for GCs with masses > 10 5 M and distances < 9 kpc, keeping in mind that many GCs near the bulge have uncertain distances. Massive clusters ( 5 × 10 5 M ) at larger distances were added to search for IMBHs. Objects at declinations δ > −35
• were primarily observed with the VLA and more southerly sources with ATCA, though this division is not precise and a few clusters were observed with both arrays.
Here, we use the most recent updated distance measurements to sample GCs; distances and references are listed in Tables 1 and 2. More details on the sample selection, observing setup, and source catalogs will follow in separate survey papers (Shishkovsky et al., in preparation; Tudor et al., in preparation) . -100 and 15A-225) . Data for 18 GCs were obtained in the most extended A configuration, with 7 more southerly clusters observed in the BnA configuration. The remainder of the GCs were observed during "move time" in or out of A configuration. With these extended configurations, we obtained angular resolutions 1 for nearly all VLA globular clusters, which facilitates the comparison between radio images and the optical centers. The median synthesized beam in the 5 GHz VLA image (and in the averaged 6 GHz images; see below) is 0.7 × 0.4 .
VLA observations were made with C band receivers (4-8 GHz). Data taken from 2011-2014 used 8-bit mode, with two independent 1024-MHz wide basebands centered at 5.0 GHz and 6.75 GHz. In 2015, we used 3-bit mode, with two independent 2048-MHz wide basebands centered at 5.0 GHz and 7.0 GHz. The amount of usable continuum for the 3-bit observations was less than double that in the 8-bit observations owing to significant radio frequency interference (RFI) in the band. In both modes, the bandwidth was divided into 128-MHz wide spectral windows, and each spectral window was sampled by 64 channels. All observations were obtained in full polarization mode.
We were approved to obtain 10 hr of observations per VLA cluster, which nominally would result in 7-8 hr on source, depending on the length of the individual observing blocks. The median on-source observing time was consistent with this goal, at 7.4 hr. Not all the requested blocks were successfully observed, and three clusters had final on-source times less than 5 hr (M54, Liller 1, and NGC 6522), with correspondingly higher rms noise levels. Observations typically alternated between 10 min on source and short observations of a phase calibrator (selected to be within 10
• degrees of the science target).
A bandpass and flux calibrator was observed at the start or end of each block. Standard procedures were followed for flagging, calibration and imaging of the data with the Common Astronomy Software Application package (CASA; McMullin et al. 2007 ) and the Astronomical Image Processing System (AIPS; Greisen 2003) . Imaging of the data was carried out using a Briggs weighting scheme (robust=1). To mitigate artifacts from large fractional bandwidth, the uv data were divided into two frequency chunks (basebands) and imaged separately. In CASA, frequency dependent clean components (with two Taylor terms; nterms=2) were also used in imaging to mitigate large-bandwidth effects (Rau 2012) . For the GCs with bright sources that generated considerable artifacts, we applied self-calibration to optimize the image quality.
Of the 29 GCs with VLA data, 17 were taken primarily or only in 3-bit mode, which had 3-3.4 GHz of bandwidth remaining after RFI flagging. The median rms noise in each of the baseband images centered at 5.0 and 7.0 GHz was 2.0 µJy bm −1 . For nine GCs observed earlier in the project, the data were taken in 8-bit mode, which typically results in 1.8 GHz bandwidth after flagging. Given the lower bandwidth, the baseband rms noise values were slightly higher, 2.5 µJy bm −1 (5.0 GHz) and 2.1 µJy bm −1 (6.75 GHz). The 3 GCs with comparable exposure times in 3-bit and 8-bit mode had noise levels intermediate between the 3-bit and 8-bit median values, as expected.
Given the expected flat spectrum of the radio continuum emission from low-luminosity accreting IMBHs, we also combined the individual basebands into a single image to maximize sensitivity. To do this, the higher frequency image was convolved to the resolution of the lower frequency image using the AIPS tasks CONVL. The high and low-frequency images were then averaged using the AIPS task COMB, weighting by the variance. The median rms noise at 6.0 GHz is 1.5 µJy bm −1 (3-bit data) and 1.7 µJy bm −1 (8-bit data). The distribution of the observed image noise in the frequency averaged images is presented for all GCs in Figure 1. 
ATCA
27 GCs were observed with ATCA (Project Code: C2877) in the extended 6A or 6D configurations in runs from 2013 to 2015. Archival data for 47 Tuc and ω Cen from Lu & Kong (2011) are also included in our analysis, imaged together with our newer data for these clusters. All observations were carried out using the Compact Array Broadband Backend (CABB; Wilson et al. 2011) , allowing simultaneous observations in two bands centered at 5.5 and 9.0 GHz, each with 2 GHz of bandwidth. Ob-servations were typically made over 2-3 separate blocks on different days. In each epoch, the target cluster and phase calibrator were alternately observed for 10-20 min and 1.5-2 min integration times respectively, depending on atmospheric stability and calibrator brightness.
Flagging and calibration were performed in MIRIAD (Sault et al. 1995) , and imaging in CASA. As with the VLA, the two frequency bands were imaged separately, and with a Briggs robust value of 1. The median synthesized beam in the 5.5 GHz images (and in the frequencyaveraged images) is 3.2 × 1.6 . The median on-source integration time was 17.0 hr, yielding median rms noise levels of 4.1 and 4.6 µJy bm −1 in the 5.5 and 9.0 GHz bands, respectively. As with the VLA images, we averaged images in the two frequency bands together, and the median rms was 3.3 µJy bm −1 in the resulting 7.25 GHz images. This is about twice the median rms of the VLA images, but still very sensitive, allowing tight constraints on the presence of central radio sources. The distribution of the observed rms of the ATCA images is shown in Figure 1 .
5 GCs in the sample were observed by both VLA and ATCA; for all but NGC 6522 (which had only 2.5 hr on-source with the VLA), the beam size is smaller and the rms is substantially lower in the VLA images, and hence we use the VLA data for subsequent analysis.
Stacking Analysis
We also stacked all the clusters to give the highest sensitivity to low-level emission under the assumption that IMBHs exist in the centers of globular clusters. For the stack, we only used clusters that do not have any central radio emission (from unresolved pulsars or bright X-ray binaries), in order to make a weighted-mean image of these fields. In total, we used 24 clusters from VLA and 14 from ATCA observations, which are noted in boldface in Tables 1 and 2 . 12 clusters that were excluded from the deep stack are discussed extensively in sections 3.3 and 4.2.
To do this, the frequency-averaged images were convolved to a common resolution (2.2 for VLA and 6.0 for ATCA data) using the AIPS tasks CONVL. Images were aligned so that the cluster centers align at the image center (see Tables 1 and 2 for GC centers). We then used the AIPS task STACK to produce the weighted mean image (see Lindroos et al. (2015) for details of the stacking technique). Separate stacks were made for VLA and ATCA clusters (see subsection 4.2).
3. DATA ANALYSIS 3.1. Linking IMBH Mass and Radio Luminosity Figure 1 . The distribution of the observed rms noise in our frequency-averaged images for 50 Galactic GCs. VLA data are blue and ATCA data green.
The "fundamental plane" of BHs describes the relation between X-ray luminosity (L X ), radio luminosity (L R = 4 π d 2 ν S ν ) and the mass of the BH (M BH ) for objects ranging from stellar-mass BHs to supermassive BHs (Merloni et al. 2003; Falcke et al. 2004; Plotkin et al. 2012) . It implies that accreting BHs of all masses show a correlation between X-ray and radio luminosity, but that more massive BHs have a higher ratio of
Since no IMBHs have been dynamically confirmed, their consistency with the fundamental plane has not been tested: their behavior is an interpolation between the extreme low and high BH masses. For this paper, we assume accreting IMBHs would behave in a manner consistent with the fundamental plane, and use our radio observations to constrain the masses of IMBHs at the centers of Galactic GCs.
We adopt the form of the fundamental plane with black hole mass as the dependent variable (Miller-Jones et al. 2012; Plotkin et al. 2012) :
where the black hole mass M BH is given in units of M , and L X and L R are given in erg s −1 . This form of the fundamental plane is derived using BHs in the IMBHs in Globular Clusters 5 "low/hard" accretion state ( a few percent of the Eddington rate), in which the X-ray emission is thought to originate in a corona or possibly near the base of the jet, while the radio emission is partially self-absorbed synchrotron radiation from the jet. If IMBHs are present in GCs and accreting, they must be in the low state, or else they would be easily observed as bright X-ray sources. The respective luminosities in this plane are formally defined between 0.5-10 keV (L X ) and at 5 GHz (L R ). In all cases we assume flat radio spectra consistent with that observed for low-luminosity AGNs, e.g: Nagar, et al. 2000 (see also Blandford & Königl (1979) ; Hjellming & Johnston (1988) ; Gallo, et al. (2005) ) to translate the observed flux density (L R ) limits into 5 GHz luminosities.
Consistent with previous work, we assume that the putative IMBH accretes from ambient intracluster gas in a manner similar to low-luminosity central supermassive BHs in galaxies (Maccarone 2003; Pellegrini 2005; Strader et al. 2012; Haggard et al. 2013) . In globular clusters, gas should be present due to the high density of red giants and their associated winds. Direct evidence of this gas has been seen in 47 Tuc and M15, revealed by the radial distribution of the dispersion measure of pulsars, which traces the free electron density inside the GC (Freire et al. 2001 ). These observations and the lack of H I in GCs implies that the gas must be mostly ionized (van Loon et al. 2006 ); here we assume that intracluster gas is evenly distributed and it is fully ionized and isothermal at a temperature T = 10 4 K. We assume a gas number density of n = 0.2 cm −3 , corresponding to an electron density n e = 0.1 cm −3 , consistent with the aforementioned pulsar data and expectations for freelyexpanding red giant winds (Pfahl & Rappaport 2001; Pooley & Rappaport 2006) . The Bondi accretion rate for an isothermal gas onto a black hole is given by:
s , where e 3/2 =2(5 − 3γ) (5−3γ)/2(γ−1) , from γ = 1 for an isothermal gas, G is the gravitational constant, M is the BH mass, and ρ = n µ m H is the gas density (Bondi 1952) . The sound speed c s in an isothermal gas is given by c s = (k B T /µm H ) 1/2 for mean molecular mass µ. Here we take µ = 0.59, appropriate for ionized gas with the usual composition of a GC (Fall & Rees 1985) . Substituting in typical values, the Bondi rate in units of g s −1 is:
(2) To yield the Bondi rate in units of M yr −1 , the prefactor on the above equation is instead 1.88 × 10 −9 .
The results of Pellegrini (2005) show that lowluminosity AGN are not as luminous as would be expected if they were accreting at the Bondi rate in a radiatively efficient manner (see also recent theoretical work on sub-Bondi accretion by Inayoshi et al. (2017) ). The quantity directly constrained by X-ray measurements is not the accretion rate itself, but a combination of the radiative efficiency and the accretion rate. The X-ray luminosity is given by the standard equation L X = Ṁ c 2 , for radiative efficiency and speed of light c. As in our previous work (Maccarone & Servillat 2008; Strader et al. 2012) , we assume that the accretion flow is radiatively inefficient, as for example in an advectiondominated accretion flow (Narayan & Yi 1995) , such that the radiative efficiency = η (Ṁ /Ṁ edd ) for some normalization η andṀ edd the Eddington accretion rate.
If we parameterize the accretion rateṀ as a fraction f b of the Bondi rate (so thatṀ = f bṀBondi ), then the observationally-determined quantity is η f 2 b . Using theṀ Bondi and L X measurements of Pellegrini (2005) for low-luminosity AGN, and adjusting for their use of γ = 4/3 rather than our isothermal γ = 1, we find that the quantity η f 2 b has a median of about 0.005, but an extremely large spread of about 1.5 dex in the log. Considering its large uncertainty, this value is equivalent to the η f 2 b = 0.0045 implicitly used in Strader et al. (2012) , and for consistency we use this latter value. We discuss the uncertainty in this assumption and its implications for the mass limits below.
Measuring the upper limits on the radio luminosity, L R , for a GC IMBH, we use the fundamental plane assuming the BH follows the L R -L X relationship and the accretion efficiency in order to determine the predicted L X and subsequently to constrain the M BH . We emphasize that our methodology uses predicted L X rather than observed L X in the context of the fundamental plane to obtain IMBH mass constraints. This is because most GCs in our sample do not have published X-ray limits on a central IMBH. For one cluster (ω Cen) the published X-ray limit is more stringent than the limit inferred from our formalism (see §5.2.1). Given the scatter in the fundamental plane, additional observed X-ray limits would also provide valuable constraints on the presence of IMBHs in our GC sample, and our team is currently in the process of conducting a uniform X-ray analysis of the sample.
For the rest of this paper, we use 3σ upper limits as a constraint on the radio luminosity to constrain the IMBH mass. The plane between M BH (in M ), distance d (in kpc), and observed 5 GHz flux density or upper limit S (in µJy) implied by the above formalism is: log M BH = 0.743 log d + 0.372 log S + 2.134. Tremou et al.
Uncertainties in this Formalism
As discussed in Strader et al. (2012) , the main uncertainty in the mass limits predicted by this formalism is the combination of the radiative efficiency and the actual accretion rate, here parameterized by η f translates into a 0.39 dex scatter in log M BH . Another source of uncertainty is the gas density ρ, but this is much harder to quantify, given the scarcity of observational data. An uncertainty of 0.3 dex in log ρ, suggested by the few Galactic globular cluster data points as well as the theoretical considerations discussed above, barely increases the overall uncertainty in log M BH (to 0.43 dex). But we emphasize that the distribution of ρ is not well-constrained.
A systematic uncertainty is our assumption of an isothermal gas, rather than an adiabatic gas or one with an intermediate index. The isothermal assumption is conservative: it produces higher limits on M BH than other choices. If we instead used the opposite extreme, an adiabatic gas with γ = 5/3, log M BH would be lower by 0.52 dex. This is of the same order as the variation due to η f 2 b , though the quantities are not necessarily independent.
The above discussion illustrates that the exact predictions depend on the assumptions made, and that these limits should not be compared to other radiative limits on X-ray or radio emission without an appropriate consideration of the assumptions.
IMBH location
We adopt the photometric center of each GC as the best current estimate of its center of mass. These are listed in Tables 1 and 2 . The photometric centers come primarily, though not exclusively, from fitting models to Hubble Space Telescope (HST) star count observations. For example, Goldsbury et al. (2010) determined the photometric centers of 65 Milky Way globular clusters by performing an analysis of star counts in HST /ACS survey images, while Miocchi et al. (2013) supplemented HST observations with ground-based data.
Dynamical friction leads an IMBH to spiral to the center of mass of its host cluster on a short timescale (Matsubayashi et al. 2007) . From this location, encounters with stars or stellar remnants can perturb the IMBH, especially if the BH mass is relatively low. Using the principle of Brownian motion, Chatterjee et al. (2002) analyze the dynamics in the context of a BH at the center of a dense stellar cluster. Assuming a Plummer potential for the stellar system surrounding the central BH, the predicted variance of mean-squared one-dimensional deviations will be: < x 2 >= (2/9)(M * /M BH r 2 c ), where M * is the average mass of a star in the cluster core (∼ 1M ) and r c is the cluster core radius (see also Strader et al. 2012) . The core of a GC can be depleted of lower-mass stars due to mass segregation; therefore, we adopt a conservative value for the mass of the observable stars in the core of GCs (Fregeau, et al. 2002) . The actual motion of an IMBH would depend, of course, on the detailed mass profile of the inner regions, but this basic estimate gives a guide to how much the IMBH might wander as a function of cluster parameters. To calculate the Brownian radii for our GCs, we use the 3σ mass limits as given in Tables 1 and 2 . For GCs with a cluster centroid uncertainty larger than the Brownian radii, we use the former for our analysis.
We note that when the current paper was close to submission, de Vita et al. (2018) published a more sophisticated model, based on N-body simulations, for predicting the random motion of IMBHs in GC centers. Nonetheless, their results are generally consistent with simple the Brownian motion model we use.
Notes on clusters with radio sources near their centers
Our basic result is that we find no compelling evidence for accreting IMBHs in any of the 50 GCs in our sample. However, some clusters do have radio sources near their photometric centers, which are associated with X-ray binaries or pulsars. Here we discuss these sources and why we favor non-IMBH explanations for the emission in all cases. Furthermore, previous studies regarding the IMBH existence in individual clusters are discussed extensively in section 5.2.
Liller 1
This massive, dense cluster shows several steep spectrum sources near the center (but outside the Brownian radius of a putative IMBH). Given the high interaction rate inferred for Liller 1 (Saracino et al. 2015 ) and the strong steep-spectrum emission as identified by Fruchter & Goss (2000) , these sources are likely to be pulsars. Their presence does not affect the IMBH limits for the cluster, but we exclude it from the VLA stack.
M15
Our non-detection of an IMBH in M15 has previously been published in Strader et al. (2012) . As discussed there, there are two previously-known radio bright X-ray binaries and a pulsar near the cluster center (within 4 ; Wolszczan et al. 1989; Johnston et al. 1991; Miller-Jones et al. 2011) . However, there is no radio emission at the center of M15 within the Brownian radius expected for an IMBH. See Strader et al. (2012) for more discussion.
M62
M62 has six pulsars known in its core (D'Amico et al. 2001; Possenti et al. 2003; Lynch et al. 2012) , two within 2.5 of the cluster center. One of these, J1701−3006F, is a 4.5σ detection in our 4.7 GHz image, but is not detected at 7.4 GHz. There is no significant detection at either frequency within the Brownian radius of an IMBH.
NGC 6388
NGC 6388 was previously observed with ATCA to search for an IMBH, and no central radio emission was detected to a level < 42 µJy at 5.5 GHz (Bozzo et al. 2011 ).
In our ATCA 5.5 GHz image, there is a source located near the cluster center with flux density 20.2 ± 3.6 µJy and a J2000 location of (R.A., Dec.) = (17:36:17.276, −44:44:09.03), just 1.1 from the cluster photometric center (Figure 7 ). The source is not significantly detected in the 9.0 GHz image, with a flux density at its location of 4.6 ± 3.6 µJy. If we conservatively assume a uniform prior on α between -3 and 3 and use the 3σ upper limit of the 9.0 GHz flux density (< 10.8µJy), then the most likely value of α is -2.1, with a 3σ upper limit to the spectral index of -0.2. Therefore, the most probable interpretation is that this central source is a pulsar in the cluster, but a flat-spectrum source cannot be definitively ruled out.
The presence of a pulsar near the cluster center would be far from surprising, as a large pulsar population is expected in NGC 6388 based on the Fermi /LAT detection of GeV γ-rays (Abdo et al. 2010) , its high stellar encounter rate (Bahramian et al. 2013) , and its large X-ray source population (Bozzo et al. 2011; Maxwell et al. 2012) . In addition, the centroid uncertainty for a IMBH of mass > 1000 M in NGC 6388 is 0.3 . We therefore conclude that the central point source is not an IMBH, but could be a pulsar. We proceed by using the 9.0 GHz image to constrain the mass of an IMBH; the limit listed in Table 2 corresponds to the sensitivity of the 9.0 GHz image alone.
NGC 6624
The center of the cluster NGC 6624 has two neutron star sources that emit in the radio: the bright pulsar PSR 1820-30A and the ultracompact low-mass X-ray binary 4U 1820-30 ( Figure 5 ). Radio timing observations of the pulsar and X-ray timing of the X-ray binary have been used in a number of recent papers to argue for the presence of an IMBH (Peuten et al. 2014; Perera et al. 2017) , though Gieles et al. (2018) argues that standard dynamical models of this globular cluster can explain these observations without a massive black hole.
Consistent with previous work, we observe a bright radio source near the center of NGC 6624 (Figure 7 ). Using these ATCA data and new HST observations, we find that all of the radio emission observed is consistent with being from the X-ray binary 4U 1820-30. We also note that this is in agreement with Migliari et al. (2004) finding that 4U 1820-30 dominates above 2 GHz, and the pulsar below that. As the level of detail necessary to reach this conclusion is out of the main line of our paper, we place most of it in an Appendix, and here focus only on the radio emission from an IMBH.
To search for residual emission from a possible IMBH, we subtracted the X-ray binary 4U 1820-30 from each of the 5.5 and 9.0 GHz images, assuming it was a point source. We fit a Gaussian component in the imageplane using the AIPS task JMFIT and then we subtracted it, without any assumption on the spectral index value. No residuals are apparent in either image after the subtraction, suggesting this assumption is reasonable. We re-measured the rms noise in a 24 box around the cluster center after the subtraction, using this value for the IMBH limits. We find an rms noise of 4.2 µJy bm −1 at 5.5 GHz, 3.9 µJy bm −1 at 9.0 GHz, and 3.3 µJy bm −1 in the averaged image at 7.25 GHz. We use this latter limit to determine the IMBH mass limit using our standard formalism.
NGC 6652
NGC 6652 has a high central density, suggesting the efficient production of dynamically-formed compact object binaries (Stacey et al. 2012 ) and several relatively bright X-ray sources have been detected by Chandra in this cluster. Only one radio pulsar has yet been detected in this cluster (DeCesar et al. 2015) , but NGC 6652 is detected with Fermi /LAT at GeV energies, suggesting a substantial total population of millisecond pulsars (Abdo et al. 2010) .
We detect a steep spectrum source in the ATCA image (present at 5.5 GHz and absent at 9.0 GHz) that is offset by about 1.5 from the cluster center, so we can conclude that it is not associated with an IMBH. Just as for the central source in NGC 6388, the inferred steep spectrum implies that this source is likely a pulsar. This radio source is also 1.5 from the nearest X-ray source in the cluster (source D of Stacey et al. 2012) , ruling out an association. To place limits on the presence of an IMBH in NGC 6652, we only use the 9.0 GHz image, which does not show emission from this source. There is a radio source near the center of Terzan 1, with position J2000 (R.A., Dec.) = (17:35:47.204, −30:28:54.89 ). This source may be associated with the quiescent X-ray binary CX2 (Cackett et al. 2006) . However, we measure flux densities of 90.5 ± 4.1 µJy at 5.5 GHz and 34.5 ± 4.1 µJy at 9.0 GHz, implying a steep spectral index of α = −2.0 ± 0.3, more consistent with a pulsar than an X-ray binary. We will revisit this source in future work; in any case, the steep spectrum is inconsistent with the expectations for low-level accretion onto an IMBH.
To search for any residual emission that might be present from an IMBH, we subtracted this source from the 5.5 and 9.0 GHz images under the assumption that it is a point source, applying the same technique as in NGC 6624. No residuals are apparent in the 5.5 GHz image. In the 9.0 GHz image, a second source is visible at the ∼ 3σ level (in fact, this source is approximately one beam away from the brighter source in the original 9.0 GHz image, and is clearly detectable there as well). This source is 3 from the cluster center, far outside the Brownian radius of a > 1000M IMBH, and hence cannot be attributed to an IMBH.
We re-estimate the rms noise from these residual images in a region 24 wide centered on the cluster center. We find rms sensitivities of 4.8 µJy beam −1 at 5.5 GHz, 4.1 µJy beam −1 at 9.0 GHz, and 3.9 µJy beam −1 in the combined frequency image, and use these revised values for our analysis.
Terzan 5
Terzan 5 hosts a large population of pulsars, with 38 known in the cluster core (Ransom et al. 2005; Prager et al. 2017; Cadelano et al. 2018 , P. Freire's "Pulsars in Globular Clusters" page 1 ), and our images show many point sources. However, assuming a 1 uncertainty on the position of the cluster center and an IMBH Brownian radius of 0.12 , we find no VLA radio sources located right at the cluster center. ATCA images are also consistent with no flux at the cluster center, but are less constraining because of the lower image resolution and poorer sensitivity.
Terzan 6
Terzan 6 hosts the known transient neutron star Xray binary GRS 1747-312 near its center (at a projected distance of 0.8 ; Predehl et al. 1991; Pavlinsky et al. 1994; in't Zand et al. 2003) . This source was in outburst and radio bright during our observation (its Xray/radio correlation will be reported elsewhere), mea-1 http://www.naic.edu/∼pfreire/GCpsr.html sured at 21.4 ± 5.1 µJy in our ATCA 5.5 GHz image and 17.3 ± 5.3 µJy in the 9.0 GHz image. We subtracted this point source and there is no residual emission near the cluster center. We remeasured the rms sensitivities of these residual images in a 24 region, and found 5.3 µJy beam −1 at 5.5 GHz, 5.3 µJy beam −1 at 9.0 GHz, and 4.2 µJy beam −1 in the frequency-averaged image, which we use for our IMBH limits.
4. RESULTS
IMBH mass limits per cluster
We followed the method described in Section 3.2 to search for IMBHs in cluster centers. The clusters discussed in §3.3 were considered individually, as detailed above, due to confusing sources near their centers.
For the rest of the targets, no radio emission was detected above 3σ that matches the photometric center within the cluster centroid uncertainty or Brownian radius. Figures 6 and 7 show the radio continuum images of these clusters, zoomed in on their centers. The 3σ flux density upper limit was translated to an upper limit on luminosity assuming distances in Tables  1 and 2 and flat radio spectra. The median radio luminosity 3σ upper limit is L R 1.9 × 10 27 erg s −1 . We then use the formalism described in §3.1 to convert this luminosity upper limit to an IMBH mass upper limit. In Figure 2 , we plot the IMBH mass upper limits as a function of radio flux density, with cluster distance included as the color scale. The most distant cluster is M54 at ∼ 24 kpc, which was excluded from the cluster stack owing to its much larger distance ( §4.2).
Our median IMBH mass limits are < 1110M (VLA clusters) and < 1320M (ATCA clusters). Limits on individual clusters are listed in Tables 1 and 2 , with the extreme limits of < 390M and < 2990M for the nearest and most distant clusters with VLA data: M4 and M54, respectively.
In these Tables we have also listed the predicted 3σ Xray luminosity limits corresponding to the IMBH mass limits and 3σ radio limits in the context of our formalism. The median predicted X-ray limits for the VLA and ATCA samples are < 3.4 × 10 30 and < 5.8 × 10 30 erg s −1 , respectively. For most clusters the radio limits on the presence of an IMBH are deeper than published X-ray limits, with the exception of ω Cen, which we discuss below.
These Tables also list the 3σ IMBH mass limits expressed as a percentage of the total cluster mass. The GCs masses are mostly from the recent work of Baumgardt & Hilker (2018) , excepting four GCs not in that paper, for which we use the M V listed in Harris (1996) and assume M/L V = 2. For the VLA sample, the me-dian 3σ IMBH mass limit is < 0.36% of the cluster mass; for the ATCA sample, it is < 0.52%. We discuss these limits in the context of theoretical predictions in §5.3.
Deep Limits from Image Stacking
The analysis above reflects mass limits on accreting IMBHs in individual GCs. If we instead assume that the IMBH occupation fraction is high, then we can set deeper limits on the presence of such IMBHs by stacking the cluster images.
Section 2.4 describes our technique for co-adding the cluster images, resulting in the deep images presented in Figures 4 and 3 . The distant globular cluster M54 and GCs with stellar radio sources coinciding with their photometric centers ( §3.3) were excluded from these stacks. We also excluded NGC 6139, because there is a 3.2σ flux peak 0.6 from the cluster center at 9.0 GHz. There is no emission at this location at 5.5 GHz and the 9.0 GHz emission appears to be an artifact associated with a bright source 3.4 from the center. Djorg 2 does not have a central source, but also shows artifacts associated with a bright source 2.5 from the center, and is likewise excluded. Finally, NGC 4372 does not contain a significant central source, but shows diffuse "fuzz" in the frequency-averaged image. NGC 4372 does not have a particularly large interaction rate (Bahramian et al. 2013 ), so it is not clear that a population of pulsars is expected; we defer a detailed comparison of interaction rates to radio source populations to a future work, and for now exclude NGC 4372 from the ATCA stack.
For the VLA stack, we included 24 clusters, which have a median (mean) distance of 7.7 (6.9) kpc. The rms sensitivity of the co-added image is 0.65 µJy beam −1 , and there is no significant source detected at the center of the stacked image. Using our formalism, this corresponds to a 3σ VLA stack limit of < 800M (< 730M ). For this limit, the implied L X /L edd ∼ 10 −11 . For the ATCA stacked image, we averaged 14 clusters, with a median (mean) distance of 6.8 (6.5) kpc. The image rms sensitivity is 1.42 µJy beam −1 , and no central source is detected. The corresponding 3σ ATCA stack limit is < 970M .
Since many authors have argued that the densest ("core collapse") clusters are unlikely to contain IMBHs (e.g., Baumgardt, et al. 2005; Trenti 2006; Noyola & Baumgardt 2011 ), we also created VLA and ATCA stacks excluding those GCs typically identified as corecollapsed. Many of these were already excluded for individual reasons as listed above. As expected, these new stacked images had slightly higher rms values than the full VLA and ATCA stacks (about 1.0 and 1.5 µJy beam −1 , respectively), and also do not show significant central sources. Hence the exclusion of these GCs does not affect any of our conclusions.
DISCUSSION AND CONCLUSIONS
Our main result is that there is no accretion evidence for IMBHs with masses 1000M in any Milky Way globular cluster. We first discuss general uncertainties in our analysis and then specific cases of GCs where IMBHs have been claimed in previous work.
Uncertainties on Mass Limits
The logical basis for our constraints can be divided into three parts: if an IMBH is present, (a) is gas also present; (b) is this gas accreted by the IMBH; (c) does this accreting gas produce the assumed radio signature?
That some gas is present in the core of globular clusters is certain-the winds of red giants supply an ongoing flux of material, and ionized gas has been observed in 47 Tuc, with some evidence in M15 (Freire et al. 2001) . As 47 Tuc is rich in millisecond pulsars, this obviates the suggestion that such energy sources will reduce the plasma density to negligible amounts (Spergel 1991) , though many mechanisms might well be responsible for clearing out much of the gas lost from stars (see, e.g., the discussion in Naiman et al. 2013) . Additional measurements of the ionized gas density in clusters and more sophisticated models of the intracluster medium are desirable.
Since no ∼ 1000M IMBHs are known, all discussions of their properties necessarily involve indirect inferences. "Low-mass" central black holes with ∼ 10 5 -10 6 M are present and evidently accreting gas in the nuclear star clusters of nearby galaxies Nyland et al. 2017) , with even lower mass black holes detected at higher accretion rates in more distant galaxies (Baldassare et al. 2015) . At least in terms of their mass, these systems probably represent the nearest analogues to IMBHs in GCs, and nothing prevents accretion onto the central black hole. We have also assumed that the radiative efficiency and accretion rate, parameterized in terms of the Bondi rate, have typical values comparable to nearby low-luminosity accreting central black holes. These observed systems have a large dispersion in the accretion rate and/or efficiency. Some may not have appreciable accretion at all, though others could be accreting at much higher rates or with higher efficiency than assumed. If the dispersion in these quantities is high, then the non-detection of IMBHs in 50 GCs strongly suggests that IMBHs are rare, if they exist at all. We emphasize that the actual accretion rates and radiative efficiencies of IMBHs are the chief uncertainty in this analysis. Depending on the assumptions for radiative efficiency, our typical VLA limits correspond to very low accretion rates of a few ×10 −11 M yr −1 , which is only a few percent of the mass loss rate of one red giant (Dupree et al. 2009 ). We note that MacLeod et al. (2016) argue that some fraction of GC IMBHs should have non-degenerate companions that could supply a higher rate of gas to the IMBH than accretion from ambient material.
The use of the fundamental plane to convert radio limits to masses is an interpolation between stellar-mass and supermassive black holes, rather than an extrapolation. This fact is heartening, but the accretion behavior of hypothetical IMBHs is still unknown. Cseh et al. (2015) found that HLX-1 was more radio-bright than predicted by the fundamental plane, assuming that the mass inferred from X-ray spectral fitting was correct. The large (0.4 dex; Plotkin et al. 2012) scatter in the fundamental plane also limits precise statements about accretion implications for specific systems.
Revisiting IMBHs from the Literature
We begin with ω Cen and M54, as these massive GCs are often argued to be stripped galaxy nuclei (the case for M54 is especially strong; Layden & Sarajedini 2000) and hence might be the most likely to host IMBHs.
ω Cen
ω Cen has many contrasting claims of dynamical evidence for an IMBH (Noyola et al. 2008; Noyola 2010; , with some papers finding dynamical evidence for an IMBH with mass 10 4 M . We do not revisit this work here, but solely focus on the accretion constraints. Our 3σ ATCA upper limit of < 8.9 µJy on a central radio source implies a 3σ IMBH mass upper limit of < 1000M using our formalism. The corresponding 0.5-10 keV X-ray luminosity limit is < 2.5 × 10 30 erg s −1 (Table 2) , which can be compared to the observed (95%) upper limit of < 1.7 × 10 30 erg s −1 (Haggard et al. 2013) . Because of the large amount of Chandra data on this cluster, this is one case where the X-ray limit is as (or more) constraining than the radio limit. As discussed in Haggard et al. (2013) and Strader et al. (2012) , if an IMBH of mass 10
4 M is present in ω Cen, then it must be accreting at a relative rate below any other central black hole known in the universe, with L bol /L edd 2 × 10 −11 . There is no accretion evidence for an IMBH in ω Cen.
M54
In M54, the 3σ radio upper limit of < 7.2 µJy gives a mass limit < 3000M , far below the 9400M suggested dynamically (Ibata et al. 2009 ). The new radio limit is about a factor of 7 stronger than the one presented in Wrobel et al. (2011) , due entirely to the improved sensitivity of the post-upgrade VLA. M54 is the nucleus of the Sagittarius dwarf galaxy (e.g. Monaco et al. 2005 ) with a V-band stellar luminosity of 10 8 L and a halo mass > 6 × 10 10 M (Gibbons et al. 2017) . While the occupation fraction of BHs is known to be high at the centers of slightly higher mass galaxies , little is known about the BH occupation fraction at these low masses. Owing to its identity as the closest confirmed galaxy nucleus beyond Sgr A * , in our view M54 presents a strong case for even deeper radio observations.
New Pulsar Evidence: 47 Tuc and NGC 6624
For many years, 47 Tuc was a rare case where most papers agreed that there was no substantial evidence for an IMBH; most prominently, McLaughlin et al. (2006) set a 1σ dynamical upper limit of < 1000-1500 M on an IMBH. This was challenged by Kızıltan et al. (2017) , who used timing of millisecond pulsars in the core of 47 Tuc to argue for the presence of a 2300M IMBH. Freire et al. (2017) have disputed this interpretation of the observations (partially on the basis of the assumed cluster distance) and argue that no IMBH is necessary to explain the pulsar timing data. Our new ATCA 3σ radio upper limit of < 11.2 µJy corresponds to a mass limit of < 1040M , suggesting that an IMBH of the mass published by Kızıltan et al. (2017) is not present, or that it is accreting at a rate or efficiency lower than assumed in our formalism. 47 Tuc is another cluster, like ω Cen, where there are extremely deep Chandra data , which limit a central X-ray source to < 10 31 erg s −1 (0.5-10 keV). The corresponding 3σ limit from our formalism is L X < 2.8 × 10 30 erg s −1 , and a deeper Chandra constraint should be possible in the future through the analysis of archival data.
A unique recent claim of dynamical evidence for an IMBH in the GC NGC 6624 comes from Perera et al. (2017) , who argue, on the basis of precise, long-term timing, that the pulsar PSR 1820-30A is in a wide, eccentric orbit around an IMBH. The observational interpretation of this cluster is complicated and we discuss it in detail in the Appendix. Here we only mention our ATCA radio limit on a central IMBH: a 3σ value of < 9.8 µJy, giving a 3σ IMBH mass of < 1550 M , compared to an dynamical IMBH mass of 7500-10000 M in Perera et al. (2017) . With our formalism, the radio flux density of a 7500 M IMBH would be predicted to be about 700 µJy, which is about a factor of 70 larger than our ATCA limit.
Other Clusters
NGC 6388 is a case similar to ω Cen where there is disagreement in the literature about dynamical evidence for the presence of a (2−3)×10 4 M IMBH (Lützgendorf et al. 2011; Lanzoni et al. 2013; Lützgendorf et al. 2015) . Previous ATCA observations gave 3σ upper limits of < 81 µJy (at 9 GHz; Cseh et al. 2010 ) and < 42 µJy (at 5.5 GHz; Bozzo et al. 2011 ). As discussed above, we do observe emission near (but not coincident with) the center of the cluster at 5.5 GHz, which we attribute to unresolved pulsars. Such emission is not unexpected given the strong Fermi GeV flux from the cluster. At 9.0 GHz, no emission is detected, with a 3σ upper limit of < 8.5 µJy, about a factor of 5 lower than the Bozzo et al. (2011) limit. This corresponds to a 3σ IMBH mass limit of < 1770M , about a factor of 16 lower than the dynamical mass inferred from Lützgendorf et al. (2015) .
M15 is a cluster where there were early dynamical hints for an IMBH (Newell 1970; Gerssen et al. 2002 Gerssen et al. , 2003 for which the interpretation was immediately disputed (Illingworth & King 1977; Baumgardt et al. 2003) , and subsequent works have generally agreed that no IMBH is required (e.g. den Brok et al. 2014) . Our M15 radio data are the same as presented in Strader et al. (2012) , which found no accretion evidence for an IMBH.
There are other clusters for which single studies have suggested dynamical evidence for IMBHs. present 2σ dynamical evidence for a ∼ 2000M IMBH in M62, for which our formal VLA 3σ limit is < 1130M . Kamann et al. (2016) suggest that NGC 6397 could host a 600 M IMBH. This does not conflict with our ATCA limit for this cluster (< 630M ). For both of these clusters, argues that the surface brightness profiles and kinematic data do not require the presence of an IMBH. We have presented the deepest radio observations to date for a sample of 50 Milky Way globular clusters, with a goal of searching for evidence of central accreting IMBHs. While a few clusters do have radio sources near or in their centers, we do not find any credible IMBH candidates. A stacking analysis of GCs observed with VLA or ATCA also reveals no emission that can be attributed to IMBHs.
Conclusions and Implications
We emphasize that for any particular GC, it is possible to conceive of mechanisms that would reduce or eliminate accretion of ambient gas, rendering the IMBH undetectable in current radio or X-ray observations. Yet it is difficult to argue that such conditions should apply in many or most GCs. The most straightforward conclusion to draw from our work is that IMBHs with masses 10 3 M are either not present or at least not common in GCs.
The recent detections of merging binary black holes through gravitational waves (Abbott et al. 2016 ) may help explain the observed lack of IMBHs in GCs. If such binary stellar-mass black holes are formed dynamically in GCs (Rodriguez et al. 2016) , then it could indicate that single and binary black holes are preferentially ejected from GCs, rather than merging with a more massive seed black hole to form an IMBH (Miller & Hamilton 2002; Gültekin et al. 2004 Gültekin et al. , 2006 Baker et al. 2008; Moody & Sigurdsson 2009 ). Of course, there are many ways to grow IMBHs in GCs that do not depend on mergers of smaller BHs (e.g., Portegies Zwart et al. (2004) ).
We also cannot constrain IMBHs that might have been ejected from GCs (Holley-Bockelmann et al. 2008) , nor the presence of less massive IMBHs (those of a few hundred M ) through accretion signatures, especially since such objects may wander far from the cluster center . Theoretical predictions for IMBH masses range widely, from 0.1% to 1% or more of the cluster mass (e.g., Miller & Hamilton 2002; O'Leary, et al. 2006; Portegies Zwart, et al. 2006; Giersz, et al. 2015; Woods, et al. 2017) . Our median VLA and ATCA limits are in the middle of this range (0.36% and 0.54%), though the extreme values range as low as 0.03% and as high as 2.3%. If IMBHs typically make up only 0.1% of the mass of a GC, then (in the context of our formalism for radio emission) they would be difficult to detect outside the most massive GCs, unless the accretion is more radiatively efficient than we assume. We note that IMBHs well below 1000 M are also not easily detected via standard dynamical techniques . Future gravitational wave observatories, including eLISA, offer more hope for detecting such IMBHs (Haster et al. 2016 )-if they exist. A continuing discussion about radio continuum imaging of NGC 6624 is whether central radio emission can be attributed to the low-mass X-ray binary 4U 1820-30, the bright pulsar PSR 1820-30A, or to a frequency-dependent combination of the two. Owing to the steep spectral slope of the pulsar, it may significantly contribute at low frequencies, but at the higher frequencies of our ATCA observations, the contribution of the pulsar is expected to be minimal (Migliari et al. 2004) . One issue with this argument in the past is that the location of the radio emission was not entirely consistent with that of 4U 1820-30, independently determined via Hubble Space Telescope (HST) imaging of the UV-bright optical counterpart to the X-ray binary.
We first revisit the position of the optical counterpart to 4U 1820-30 using new HST data taken with WFC3 (Program GO-13297; P.I. Piotto). 4U 1820-30 is the brightest source in the core of the cluster in F 275W ; however, many of the Gaia stars in the initial DR1 data release in the field of view of this image are not well-detected. Hence we instead focus on F 336W , in which 4U 1820-30 is still bright but the number of well-detected Gaia stars is larger. We correct the astrometry of the F 336W HST image using the Gaia stars, achieving a solution with an rms uncertainty of 13-14 mas per coordinate. The J2000 position of this star is (R.A., Dec.) = (18:23:40.4975±0.0010s, -30:21:40.096±0.017 ).
To determine the position of the radio source in our ATCA images, we use the 9.0 GHz image, which has the best resolution, finding a J2000 position of (R.A., Dec.) = (18:23:40.4978±0.0005s, -30:21:40.081±0.024 ). The difference between our ATCA 9.0 GHz position and the HST F 336W position is 0.016 -the two positions agree even within their small uncertainties. Hence we conclude that the radio emission at 9.0 GHz is entirely due to 4U 1820-30 and that the position of this binary is well-determined. 4U 1820-30 is located 0.43 from the cluster center.
We next compare this position to that found in previous work. It is just outside of the larger error circle of the VLA source found by Migliari et al. (2004) at 4.9 and 8.4 GHz-consistent at the 1.3σ level. However, it is entirely inconsistent with the previous HST position by Sosin & King (1995) , differing by 0.58 . This has important implications for the interpretation of the properties of 4U 1820-30: rather than being more distant from the cluster center than PSR 1820-30A, it is at a similar distance.
We note that our new position for 4U 1820-30 differs from the ALMA position found by Díaz Trigo et al. (2017) by 0.36 ; this difference is nominally highly significant given the stated positional uncertainties. However, both positions are approximately the same distance from the cluster center (about 0.4 in both cases) so they do not change the interpretation of the X-ray binary properties in the context of an IMBH. Understanding the source of this discrepancy is beyond the scope of the current paper. Perera et al. (2017) study long-term radio timing observations of PSR 1820-30A, located close to the center of NGC 6624. These observations admit two possibilities: that PSR 1820-30A is in an extremely wide, eccentric orbit around a massive IMBH, or that it is in an less eccentric orbit with a normal star or stellar remnant. One of their arguments in favor of the IMBH interpretation is that the unexpected negative orbital period derivative of 4U 1820-30 is due to an acceleration that requires the addition of an IMBH to the cluster potential.
A.2. Implications
From reviewing the literature it is clear that a series of errors has propagated since the earliest identification of 4U 1820-30 with HST . The first paper to locate the source was King et al. (1993) , who found that 4U 1820-30 was located 0.66 N of the cluster center (from the abstract; the listed positions actually imply only 0.6 , possibly due to rounding). Sosin & King (1995) "corrected" a 1.8 error in the absolute astrometry of King et al. (1993) and refined the cluster center, but the relative distance of 4U 1820-30 from the center was essentially unchanged at 0.67 . Peuten et al. (2014) report that if the updated Goldsbury et al. (2010) center is used, then 4U 1820-30 is 0.046 pc from the cluster center (1.2 at their assumed distance of 7.9 kpc). We are unable to determine the origin of this value. The distance of the King et al. (1993) position from the Goldsbury et al. (2010) center is 0.98 ; if the X-ray binary position from Sosin & King (1995) is used, the distance from the new center is 0.83 . Perera et al. (2017) cite Migliari et al. (2004) for the position of 4U 1820-30, who in turn take the position from Sosin & King (1995) . However, the value published by Migliari et al. (2004) is rounded off, and hence the separation of 4U 1820-30 from the center implied is slightly larger than the correct value (0.87 instead of 0.83 ). Notwithstanding this Figure 5 . The central region of NGC 6624. The photometric center is marked with a green cross, and the position uncertainty is represented with the green dashed circle (∼0.1 in radius). At radio wavelengths, the center of NGC 6624 is dominated by the well-known neutron star sources PSR 1820-30A and 4U 1820-30. The position of the optical counterpart to 4U 1820-30 is shown with the blue dashed circle; the radius denotes the uncertainty on the position. The position and uncertainty of the radio source in our ATCA images is shown as a black ellipse. The position of the PSR 1820-30A is marked in orange (Perera et al. 2017). rounding, the positions in their Table 1 and Figure 1 are accurately rendered, and would imply a separation of 0.032 pc (for 7.9 kpc). However, in their Figure 9 that summarizes the dynamical constraints, and in their Erratum Figure  1 , the separation plotted for 4U 1820-30 is simply the physical value from Peuten et al. (2014) , 0.046 pc. The incorrect separation from Peuten et al. (2014) is repeated in Gieles et al. (2018) , who argue, contra Perera et al. (2017) , that in any case most or all of the period change can be attributed to intrinsic factors.
The propagation of this mistake through the literature caused an over-interpretation of the 4U 1820-30 period derivative when only considering the information available. Our new HST position doubles down: we find that 4U 1820-30 is 0.43 ± 0.10 from the Goldsbury et al. (2010) center. This is equivalent to 0.0175 ± 0.0041 pc using our assumed distance of 8.4 kpc (using 7.9 kpc instead would not change any of the conclusions). This is nearly identical to the separation between PSR 1820-30A and the center using the updated position of the pulsar from Perera et al. (2017) ; given the uncertainties in the center, either source might actually be closer. We do not present updated dynamical models of NGC 6624 in this paper, but only note that using the correct position of 4U 1820-30 would lower the inferred IMBH mass-if its period derivative is interpreted as being dominated by the potential of an IMBH, rather than intrinsic factors.
A.3. The Radio Properties of 4U 1820-30
Considering the radio properties of 4U 1820-30 itself: the flux density of 4U 1820-30 is 235 ± 4 µJy (5.5 GHz) and 207 ± 4 µJy (9.0 GHz), yielding a spectral index of α = −0.26 ± 0.06 for a power-law S ν ∝ ν α . Previous radio continuum observations at similar frequencies have been made with the VLA (mean flux densities of 130 ± 40 and 100 ± 20 µJy at 4.9 and 8.4 GHz, respectively; Migliari et al. 2004 ) and with ATCA (flux densities of 236 ± 27 and < 200 µJy at 5.5 and 9.0 GHz; Díaz Trigo et al. 2017) . Our new flux densities are a factor of ∼ 2 higher than those measured with the old VLA, possibly related to the well-known superorbital modulation in X-rays (Chou & Grindlay 2001 ). Our 5.5 GHz ATCA measurement is spot on with the 2014 ATCA measurement made simultaneously with ALMA observations (Díaz Trigo et al. 2017 ). Our 9.0 GHz measurement is nominally inconsistent with the upper limit of < 200 µJy reported by Díaz Trigo et al. (2017) , but only marginally so. In any case, the flux density of 4U 1820-30 and its spectral slope are extremely well-measured in these new observations.
Given that we find an identical flux density at 5.5 GHz to Díaz Trigo et al. (2017) , it seems reasonable to combine their 302 GHz ALMA flux density of 400 ± 20 µJy with our ATCA measurements at 5.5 and 9.0 GHz to determine the radio/mm spectral energy distribution of the binary. In this case, we find that the 5.5, 9.0 and 302 GHz flux densities are strongly inconsistent with a single power law. This suggests either that the ALMA observations (taken 1 week from the 2014 ATCA data) were taken during a flare unobserved at other wavelengths, or that there is another source of 302 GHz emission. Truly simultaneous radio and mm observations of 4U 1820-30 appear necessary to determine an accurate spectral energy distribution for this binary.
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